The kinetic effects of plasma assisted fuel oxidization on the extinction of partially premixed methane flames was studied at 60 Torr by blending 2% CH 4 into the oxidizer stream. The experiments showed that the non-equilibrium plasma can dramatically accelerate the fuel oxidization at low temperature. The prompt fuel oxidization resulted in fast chemical heat release and extended the extinction limits significantly. The O production and the products of plasma assisted fuel oxidation were measured, respectively, by using twophoton absorption laser-induced fluorescence (TALIF) method, Fourier Transform Infrared (FTIR) spectrometer, and Gas Chromatography (GC). The product concentrations were used to validate the plasma assisted combustion kinetic model. The comparisons showed the kinetic model over-predicted the CO, H 2 O and H 2 concentrations and under-predicted CO 2 concentration. The O concentration prediction from the kinetic model intersected with experimental results. A path flux analysis showed that O was majorly generated by the discharge and dictated the plasma assisted fuel oxidization. So the deviation between experiments and simulations was caused by the inaccurate prediction of O. This is due to missing reaction pathways, such as those involving excited species (e.g. excited O) and the validity of radical consumption reactions with hydrocarbon species at low temperature range.
Introduction
Over the last few years, plasma assisted combustion has drawn more and more attention for its potential to enhance combustion performance in gas turbines and scramjet engines. Extensive efforts have been made to understand the kinetic processes in plasma-flame interaction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Recently many experimental studies have been carried to understand the role of plasma generated species on ignition, flame speed and flame stabilization. But unfortunately, few experiments have been conducted to understand the kinetic mechanism of the extension of extinction limit by plasma discharge because of the difficulty in species diagnostics. Recently, our plasma assisted diffusion flame extinction experiment [12] showed the production of O by a nano-second pulsed discharge enhanced flame extinction dramatically. However, in this experiment, the plasma discharge was limited only to the oxidizer stream. The experiments did not provide any kinetic data for plasma/fuel interaction for understanding and validating the plasma flame kinetic mechanism. As such, it is not clear how non-equilibrium plasma discharge affects fuel oxidization and the extinction limit of partially premixed flames. Moreover, due to very limited available quantitative data, it remains unknown whether the combination of the current plasma mechanism with a validated combustion kinetic mechanism [4] can reproduce the experimental data of plasma assisted combustion.
The goal of the present study was to study the effect of plasma assisted fuel oxidization on the extinction of partially premixed methane flames at sub-atmospheric pressure and to validate a combined plasma assisted combustion mechanism by using counterflow geometry with quantitative measurements of species concentration. The concentration of O production by plasma discharge was measured using a Xenon calibrated, Two photon Absorption Laser Induced Fluorescence (TALIF) method. The concentrations of stable products from the plasma assisted fuel oxidation were measured by Fourier Transform Infrared spectroscopy (FTIR) and Gas Chromatography (GC). These experimental data were used to validate current plasma flame chemistry model through the comparison between experiments and predictions [4, 13] . Path flux analyses were conducted to identify and understand the important fuel oxidation pathways in plasma assisted combustion
Experimental Methods and Kinetic Modeling
A schematic of the experimental system is shown in Fig. 1 . The setup consisted of a counterflow burner that was located in a vacuum chamber (all experiments were conducted at 60 Torr). The inner diameters of the reactant and coflow quartz nozzles were 20 and 28 mm, respectively, while the separation distance of the opposed nozzles was 20 mm. Two parallel bare copper electrodes (15 mm × 22 mm) were located inside the inner tube of the upper nozzle and were separated by 10 mm. During the experiments, the partially premixed oxidizer stream composition ratio was fixed at O 2 /Ar/He/CH 4 (0.26:0.32:0.4:0.02). The fuel stream is CH 4 diluted by argon (fuel mole fraction varied from 0.2 to 0.4). A nano-second pulse generator (FPG 30-50MC4 from FID) was used to generate the non-equilibrium plasma on the partially premixed oxidizer stream. The frequency of the pulser was adjustable from 1 to 50 kHz. The amplitude of the voltage was fixed at 5.3 kV during the experiments. More details about the experimental setup can be found in Ref. [12] . The major stable products (CH 4 , CO, CO 2 , CH 2 O, and H 2 O) from the plasma assisted fuel oxidation in the oxidizer stream were measured by a Fourier Transform Infrared (FTIR) spectrometer (Nicolet Magna-IR 550). For H 2 measurement, a micro Gas Chromatography system (INFICON 3000) was used. A quartz probe with an inlet diameter of 1 mm was placed axially at the oxidizer side nozzle exit and was attached to a heated line (400 K) (to avoid H 2 O condensation) for the FTIR spectrometer and GC sampling. The calibrations were done by flowing samples with known concentrations through FTIR and GC at conditions the same with the experiments. The measurements had relative uncertainties less than 1% for CH 4 , CO, CO 2 and 5% for H 2 O and H 2 . The uncertainty of the CH 2 O measurement is 80 ppm. Since O is the main radical produced by non-equilibrium plasma discharge, xenon calibrated, TALIF method [4, 14, 15] was used to measure the absolute O concentration at the oxidizer side burner exit. The TALIF signal was observed using an 850 nm bandpass filter of 40 nm FWHM and a Hamamatsu photomultiplier (R636-10). A separate vacuum cell was used to obtain the Xenon atom twophoton fluorescence spectrum for calibration. More detailed descriptions about TALIF method can be found in Ref. [12, 16] .
The kinetic plasma assisted methane combustion model was assembled by integrating the air plasma model [4] together with USC Mech II [17] . In addition, in order to consider species dissociation by excited argon and helium and electron impact dissociation of methane, additional elementary reactions involving the dilution gases (He/Ar) and CH 4 were added and only some of the typical reactions were listed in Table 1 . More details about this model could be found at Refs. [16, 18] . ∑) = OH +O reaction). Once O was generated, it was consumed to generate OH and H through H abstraction reactions and only 0.6% O recombined to O 2 . OH and H then further reacted with fuel and its fragments and formed the dominant reaction paths of the fuel. It is noticeable that the overall concentration of O was low due to the presence of fuel. As a reference, the O concentration without fuel was also measured by replacing the 2% CH 4 with Ar. The concentration of O increased sharply from 530 ppm to 2700 ppm when the pulse repetition frequency increased from 4 kHz to 40 kHz. The above analysis showed that O was majorly generated by the discharge and dictated the fuel oxidization, so O concentration is critical for the prediction of all other species. As shown in Fig.3 (b) the kinetic modeling prediction intersected with the experiments. This is due to the missing reaction paths, such as those involving interactions of excited species with hydrocarbon species. For example, during the discharge, approximately 40% of O was excited to O( = H + OH at 300 K). Another reason was due to the validity of current mechanism at low temperature conditions because the mechanism was not validated below 700K.
Extinction Strain Rates Measurement and Computation
The extinction strain rates of the CH 4 /O 2 diffusion flames were measured without and with plasma (at f=4, 10, 20, 30, and 40 kHz) . A definition of global strain rate [22] 
(1) was adopted and compared with numerical simulations. Here U is the speed of the flow,  the density of the flow, and L the gap distance between the two nozzles. The subscript o and f refer to the oxidizer and fuel side, respectively.
In this experiment, the composition of partially premixed oxidizer stream was fixed at CH 4 /O 2 /Ar/He ratio of 0.02/0.26/0.32/0.4. The fuel stream was CH 4 /Ar mixture and the CH 4 concentrations varied from 0.2 to 0.4. During the measurements, the fuel mole fraction was fixed, and the flow velocity increased gradually. With the increase of flow velocity, the strain rate increased and the flame had less residence time to complete the fuel oxidation and extinguished when the strain rate was above a critical value. This critical strain rate at flame extinction was recorded as the global extinction strain rate. Figure 4 (a) shows the relationship of extinction strain rates and fuel mole fractions without plasma and with plasma at pulse repetition frequency of f=4 and 10 kHz (with oxidizer temperature T o = 423±4 K and 613±5 K, respectively). The experimental results were further compared with numerical simulations. The simulation was computed by using OPPDIFF of the CHEMKIN package [23] with a modified arc-length continuation method [24] for plug flow. All simulations were performed by setting the boundary conditions using the measured temperatures, and species concentrations by FTIR, GC and TALIF. The radical concentrations (H and OH) were obtained from the simulation by matching the O concentration measured in the experiments as shown in section 3.1. It is seen that with the increase of the pulse repetition frequency, there was a significant increase of extinction limit enhancement and the experiments agree well with the simulations. The present results indicate that the plasma assisted fuel oxidation plays an important role for the extension of flame extinction limit. This is because when approaching extinction, there was not enough time for the fuel to complete the oxidization reactions to release the chemical heat. But plasma can dramatically accelerate the fuel oxidization to release the chemical energy. The prompt chemical heat release extended the extinction limit.
It is noticed that during the fuel oxidization process, part of CH 4 was reformed to H 2 and CO. H 2 can extend extinction limit through fast H 2 chemistry and previous research [8, 25] also showed that fuel reforming can enhance the flame stability. Therefore, it is very important to examine how the fuel reforming affects the extinction. Because plasma can cause both fuel oxidization and reformation, simulations of the individual effects of plasma assisted fuel oxidization and fuel reforming were performed and shown in Fig. 4 (b) . In these simulations, part of the fuel (CH 4 ) in the oxidizer stream was assumed to be ideally oxidized to H 2 O and CO 2 for Case 1, and ideally reformed to H 2 and CO in Case 2 under constant enthalpy constraint and at different extent (0% to 100%). We can see that extinction was enhanced for both cases, but the enhancement for the plasma assisted fuel oxidization case is much larger. This is because when the flame was approaching extinction, the residence time was too short to complete the reactions. That is, the fuel and its reformation products in the oxidizer stream cannot react completely to release the chemical enthalpy in Case 2 at the extinction limit, but the chemical enthalpy was already released in Case 1 before reaching the reaction zone. 
Concluding Remarks
The extinction strain rates measurements showed that plasma assisted fuel oxidization can extend the extinction limit significantly. This is because when approaching extinction, the fuel cannot complete the oxidization reactions to release the chemical heat, but plasma can accelerate the fuel oxidization to release the chemical heat promptly. During the fuel oxidization process, CH 4 reforming was also happened. Thus the effect of fuel reforming versus plasma assisted fuel oxidation was examined through numerical simulation. The results showed both fuel reforming and fuel oxidization can extend the extinction limit, but fuel oxidization has a much larger effect on the extinction enhancement. The effect of fuel reforming on the extinction is through the fast H 2 chemistry, but the H 2 reactions still need to compete with residence time to finish the heat release process. But plasma can oxidize the fuel and extract the chemical energy regardless of the equivalence ratio and flow residence time.
The effect of plasma repetition rates on species concentrations from plasma assisted fuel oxidization was also investigated and the experimental data were used to validate an assembled plasma flame mechanism. The results showed that the kinetic model over-predicted the concentrations of CO, H 2 O, H 2 and under-predicted the concentration of CO 2 . The predicted concentrations of O and CH 2 O from the kinetic model intersected with the experimental results. A path flux analysis showed that O was majorly generated by the discharge via collision with Ar* and direct electron impact and dictated the fuel oxidization. The deviation between the simulations and experiments was due to the inaccurate prediction of O concentration. Reaction(s) involving interactions of excited species (such as excited O) with hydrocarbon species should be considered to mitigate the deviation. Furthermore, the lack of validation of current mechanism at low temperature makes it still questionable whether the kinetic mechanism is applicable for low temperature fuel oxidization.
